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nor really a virus. Such nonlinear fusion of concepts
results in an association that is not reversible without a
change in meaning, as is obvious when one compares
computer-virus (i.e., a program that infects and spreads
among computers) with virus-computer (e.g., a virus
John Kounios,*‡ Roderick W. Smith,* Wei Yang,*
Peter Bachman,* and Mark D’Esposito†
* Institute for Research on Cognitive Science
University of Pennsylvania
Philadelphia, Pennsylvania 19104
engineered to perform computations). Another impor-†Neuroscience Institute and
tant characteristic of noncompositonal associations isDepartment of Psychology
that the fusion of two concepts can involve the creationUniversity of California, Berkeley
or selection of a novel concept that integrates the twoBerkeley, California 94720
items (of which computer-virus is an example), whereas
association by juxtaposition does not necessarily result
in the formation of a novel concept (Asch and Ebenholtz,Summary
1962; Wisniewski, 1997).
Recently, it has been argued that memory for juxtapo-Cognitive theory posits association by juxtaposition
sition and fusion associations relies on different brainor by fusion. We employed the measurement of event-
structures. For instance, work on olfactory conditioningrelated brain potentials (ERPs) to a concept fusion
in rats suggests that the hippocampus is involved intask in order to explore memory encoding of these two
the formation of juxtaposition associations, while thetypes of associations between word pairs, followed
parahippocampal region is critical to the formation ofby a memory test for original pair order. Encoding
fusion associations (Eichenbaum and Bunsey, 1995). Inprocesses were isolated by subtracting fusion task
addition, single-unit electrical recordings in monkeysERPs corresponding to pairs later retrieved quickly
have revealed neurons in prefrontal cortex that respondfrom ERPs corresponding to pairs later retrieved
to both object and location information, presumably as-slowly, separately for pairs fused successfully and un-
sociating these two types of information (Rao et al.,successfully (i.e., juxtaposed). Analyses revealed that
1997; see also Miller, 2000).the encoding of these two types of associations yields
The present study sought to determine whether asso-different ERP voltage polarities, scalp topographies,
ciation formation in long-term memory by fusion and byand brain sources extending over the entire time
juxtaposition involves different spatiotemporal patternscourse of processing.
of brain activity in humans. Specifically, we presented
subjects with novel pairs of nouns and instructed themIntroduction
to try to fuse or combine each concept pair into a single
coherent concept (as in a compound noun) within a briefThe nature of cognitive associations and the role they
interval and to indicate by button press whether or notplay in memory has been a focus of considerable re-
they were able to form such a fused concept (Gagnesearch in cognitive psychology (Ebbinghaus, 1885/1913;
and Shoben, 1997). (This task has been shown to yieldRizzuto and Kahana, 2001). Nevertheless, despite bur-
behavioral data that correlate with both subjective re-geoning interest in human memory among cognitive
ports of the results of the fusion and objective, measur-neuroscientists, relatively little is known about the neural
able, properties of the pairs [Gagne and Shoben, 1997;correlates of cognitive associative memory processes.
Wisniewski, 1997].) Later, these same pairs were pre-Such an inquiry must begin with a closer examination
sented again, half of which were in reverse order. Sub-
of the concept of association. One important question
jects’ task in this memory test was to indicate whether
is whether there are qualitatively different types of asso-
or not each word pair was presented in the same order
ciative representations. Cognitive theorists have pro- as in the encoding phase of the experiment (Brown,
posed a basic distinction between compositional and 1997). Order recognition was selected as a memory test
noncompositional representations (Fodor and Pylyshyn, because theory predicts that a fusion association should
1988; Hampton, 1991). In compositional associative rep- not be reversible without a change in meaning and
resentations, items are combined in such a way that they should therefore provide useful information for remem-
retain their individuality. For instance, in the association bering item order. In contrast, juxtaposition associations
between salt and pepper, the juxtaposition of these are semantically equivalent in both orders, so they
items typically results in no blending or loss of the indi- should provide less information for remembering item
vidual identities of these two concepts. Furthermore, order. Specifically, other (e.g., nonsemantic) types of
the juxtaposition association salt-pepper is essentially information encoded while processing juxtaposed pairs
interchangeable with pepper-salt. However, in a non- were predicted to form the primary bases for remember-
compositional association, the two concepts are fused ing pair order. Such information might include phonolog-
such that they tend to lose their individual identities, ical, orthographic, and articulatory representations of
or at least have them significantly altered, as in the the word pairs.
association computer-virus, which is neither a computer Subjects’ electroencephalograms (EEG) were mea-
sured with a high-density electrode array and were aver-
aged to yield separate event-related brain potentials‡ To whom correspondence should be addressed (e-mail: jkounios@
psych.upenn.edu). (ERPs) for fused and juxtaposed pairs (as determined
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by individual subject button press responses) during
the encoding phase. These encoding phase ERPs were
averaged separately for pairs to which individual sub-
jects later responded quickly or slowly during the subse-
quent memory test. The encoding phase ERPs corre-
sponding to pairs whose order was subsequently
retrieved slowly were subtracted from the encoding
phase ERPs corresponding to pairs whose order was
subsequently retrieved quickly to yield ERPs reflecting
encoding activity correlated with better or worse (i.e.,
quick or slow) memory retrieval (Neville et al., 1987;
Paller et al., 1987; Wagner et al., 1998b; Brewer et al.,
1998; Fernandez et al., 1999). The idea behind this pro-
cedure is that, on average, items whose order is well
encoded will elicit faster test phase responses than
items whose order is more poorly encoded. The brain
activity isolated in this way includes incidentally and
intentionally engaged processes contributing directly or
indirectly to memory encoding of information used in
order recognition. This was done separately for fused
and juxtaposed pairs in order to measure brain activity Figure 1. Encoding Phase ERPs for Word Pairs Later Remembered
involved in the encoding of fusion and juxtaposition as- Quickly and Later Remembered Slowly, Shown for Fused and Juxta-
posed Pairssociations. Comparisons of the ERP waveforms, scalp
The left column shows ERPs from the left fronto-temporal site (FT7),topographies, and localized sources of the electrical
and the right column from the right fronto-temporal site (FT8). Timesignals from these two conditions were done to deter-
is plotted from left to right, starting with the onset of the secondmine whether encoding these two types of associations
word of each pair. Negative voltages are plotted up on the y axis.involves different spatiotemporal patterns of brain acti-
For juxtaposed pairs, the encoding effect (the difference between
vation. later-fast and later-slow retrieval) is prominent at the left fronto-
A secondary goal was to employ new methods for temporal site with little difference evident at the homologous right-
hemisphere site; for these pairs, fast retrieval corresponded tolocalizing the sources of scalp-recorded electrical brain
greater negativity. For fused pairs, the encoding effect is prominentactivity (Koles, 1998; Pascual-Marqui et al., 1994; Pas-
at both the left and right fronto-temporal sites (though larger at thecual-Marqui, 1999). Imaging techniques such as posi-
left hemisphere site); for these, fast retrieval corresponded to greatertron emission tomography (PET) and functional mag-
positivity. Hence, the encoding effects for these two conditions are
netic resonance imaging (fMRI) yield pictures of brain of opposite direction or polarity.
activity with excellent spatial resolution but that are rela-
tively static with respect to the timescale of many neural
events. In contrast, electophysiological data have su- (2163), and juxtaposed/later-slow-retrieval (2098), where
perb temporal resolution, yielding important evidence test phase responses were classified as fast or slow ac-
regarding the timing of neural events. The recent devel- cording to a median split on the reaction times. For
opment of linear source estimation techniques such as fused pairs, fast encoding responses were associated
the LORETA (low-resolution electromagnetic tomogra- with fast test responses and slow encoding responses
phy) algorithm employed here allow the ERP method to with slow test responses (t7 5 3.87, p 5 0.006). In con-
provide valuable spatial information to complement its trast, for juxtaposed pairs, there was a marginally signifi-
temporal informaton, resulting in a dynamic spatiotem- cant trend in the opposite direction such that fast encod-
poral representation of brain activity. ing responses were associated with slow test responses
and slow encoding responses with fast test responses
(t7 5 2.06, p 5 0.079). Thus, the orders of fused pairsResults
are retrieved more quickly when they are initially fused
quickly, while the orders of juxtaposed pairs may beBehavioral Data
Button presses indicated that subjects fused 60% of retrieved more quickly when more time is initially spent
trying to fuse them. (An analysis of variance [ANOVA]the word pairs. Reaction times were faster for fused
(1782 ms from the onset of the second word of the pair) yielded a main effect of fusion [F1,7 5 18.25, p 5 0.004],
a fusion X retrieval interaction [F1,7 5 17.0, p 5 0.004],than for nonfused/juxtaposed (2169) concepts (t7 5 5.12,
p 5 0.001). Subjects’ test phase order judgments were and a marginally significant main effect of retrieval
speed [F1,7 5 3.72, p 5 0.095].)more accurate for fused (85%) than for juxtaposed (72%)
pairs (t7 5 5.07, p 5 0.001). As predicted, these results
show that fusion facilitates memory for item order. ERP Data
The encoding phase ERPs were sorted and averagedOf particular interest is the relationship between (cor-
rect) response speed at test and response speed for according to encoding phase response type and test
phase response speed, yielding ERPs corresponding tofused and juxtaposed pairs at encoding. Mean encoding
phase reaction times were computed for the following the fused/later-fast-retrieval, fused/later-slow-retrieval,
juxtaposed/later-fast-retrieval, and juxtaposed/later-conditions: fused/later-fast-retrieval (1688 ms), fused/
later-slow-retrieval (1848), juxtaposed/later-fast-retrieval slow-retrieval conditions (Figure 1). In order to determine
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whether there were significant effects of fusion and sub- supramarginal gyrus), left medial superior frontal gyrus,
left middle temporal gyrus (extending into the angularsequent retrieval speed on neural activity, the encoding
ERPs were divided into “early,” “middle,” and “late” time gyrus), posterior cingulate gyrus, precuneus, and left
posterior-thalamus and/or posterior-insula. During thewindows (i.e., 200–800, 800–2100, and 2100–3000 ms
after the onset of the second word in each pair), and late epoch (2100–3000), juxtaposed pairs yielded sources
in the left lingual gyrus, left anterior insula, and rightthe average voltages within these epochs were ana-
lyzed. Both the fusion and retrieval speed factors had posterior thalamus, while fused pairs yielded sources
in the posterior cingulate and border between the leftmain effects or interactions that were significant in each
epoch, indicating that these factors were correlated with medial and superior temporal gyri.
neural activity during the encoding phase. (ANOVAs uti-
lized voltages from eight lateral electrode sites [AF7/8, Discussion
FT7/8, TP7/8, PO7/8] organized by left/right hemisphere
and four levels of the anterior-posterior dimension [200– The present study yielded four kinds of evidence demon-
800 ms: retrieval effect, F1,7 5 21.42, p 5 0.002; fusion strating different neural substrates for the encoding of
X retrieval X hemisphere X anterior-posterior interaction, fusion and juxtaposition concept associations: (A) differ-
F3,21 5 5.80, p 5 0.015; 800–2100 ms: retrieval effect, ent patterns of correlation between encoding phase and
F1,7 5 7.12, p 5 0.032; fusion X retrieval X hemisphere test phase reaction times for fused and juxtaposed pairs;
X anterior-posterior interaction, F3,21 5 6.17, p 5 0.01; (B) different voltage polarities for the encoding effects
2100–3000 ms: fusion X retrieval X anterior-posterior for fused and juxtaposed concepts (Figure 1); (C) differ-
interaction, F3,21 5 6.40, p 5 0.022]. All analyses used the ent voltage scalp topographies for the same encoding
Huynh-Feldt correction where appropriate. Corrections effects (Figure 2); and (D) different estimated brain
for multiple comparisons were not done, because the sources associated with fusion and juxtaposition en-
tests were not independent.) coding effects (Table 1 and Figures 3–5). These results
demonstrate fundamentally different memory encoding
Scalp Topography mechanisms for pairs of concepts associated by fusion
Subtracting slow-retrieval ERP voltages from fast- and juxtaposition, substantiating previous conjectures
retrieval voltages yielded the encoding effects for fused about the existence of such differences inferred from
and juxtaposed pairs. These differences were analyzed studies of conditioning in rats (Eichenbaum and Bunsey,
to determine whether the encoding effects for fusion 1995).
and juxtaposition associations elicited different voltage In addition, several interesting observations are sug-
scalp topographies, thereby indicating the involvement gested by the spatiotemporal imaging results. First,
of different brain regions (Kounios and Holcomb, 1994; source modeling of the time windows preceding and
Kounios, 1996; Holcomb et al., 1999). Each of the three including most of the behavioral responses (i.e., the early
epochs yielded significantly different encoding effect and middle epochs, respectively) indicates that the en-
scalp topographies for fusion and juxtaposition associa- coding of fusion associations invokes a complex net-
tions (Figure 2), indicating that the encoding into mem- work of anterior and posterior brain regions, while the
ory of these two types of word pairs involved nonidenti- encoding of juxtaposition associations invokes far fewer
cal brain regions (200–800 ms: fusion X hemisphere X statistically significant sources (viz., only the right insula
anterior-posterior interaction, F3,21 5 8.06, p 5 0.001; and right prefrontal cortex). Since the fusion and juxta-
800–2100 ms: fusion X hemisphere X anterior-posterior position conditions both require subjects to search for
interaction, F3,21 5 7.01, p 5 0.002; 2100–3000 ms: fusion a satisfactory fusion association, it may be hypothesized
X anterior-posterior interaction, F3,21 5 4.13, p , 0.05, that the different patterns of activation for these two
after voltage normalization as prescribed by McCarthy conditions largely reflect the selection, rehearsal, and
and Wood [1985]). In fact, the encoding effects for fu- encoding of a new concept constituting a fusion associ-
sions and juxtapositions exhibited opposite voltage po- ation. The operation of these processes is presumably
larities at many electrodes, with faster retrieval being supported by the various temporal and parietal areas
correlated with more positive voltages at encoding for that were active in the fusion (but not the juxtaposition)
fused pairs, but with more negative voltages for juxta- condition and which a number of neuroimaging studies
posed pairs (Figure 1). have implicated in linguistic, semantic, and mnemonic
processing (Price et al., 1999; Cabeza and Nyberg,
2000). Furthermore, only the fusion condition resultedSpatiotemporal Imaging
LORETA imaging of the sources generating the ERP in detectable activation in the anterior cingulate, a region
implicated in selection from among competing mean-encoding effects within each epoch yielded a number
of significant sources (Table 1 and Figures 3–5). During ings in semantic memory (Barch et al., 2000). Interest-
ingly, this anterior cingulate activation was discernablethe early epoch (200–800 ms), juxtaposed pairs yielded
only a right insular source, while fused pairs yielded an only in the early epoch, the plausible temporal locus of
the selection process, rather than later during a trial,extensive network of sources including the right middle
and superior frontal gyri, right superior temporal and when selection should already be complete because
button press responses are being executed.supramarginal gyri, and left inferior and superior parietal
lobules. During the middle epoch (800–2100 ms), juxta- Second, these results are apparently inconsistent with
the HERA model, which identifies left prefrontal cortexposed pairs yielded a source in the right inferior and
middle frontal gyri, while fused pairs yielded sources in with semantic retrieval and episodic encoding, and right
prefrontal cortex with episodic retrieval (Tulving et al.,the right superior temporal gyrus (extending into the
Neuron
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Figure 2. Encoding Effect Scalp Topographies for Juxtaposed and Fused Pairs
Average ERP voltage distributions for the three epochs are shown plotted on a realistic head shape derived from one subject’s structural
MRI. The topographic maps are separately scaled according to individual extreme values in each condition. The top row shows topographies
for juxtaposed pairs, the bottom row for fused pairs. For each epoch, the topography is shown for the right and left sides of the head. The
different topographies for the fusion and juxtaposition encoding effects indicate that these effects are produced by nonidentical neural sources.
1994). Instead, the present experiment implicates right and for pairs that were later mistakenly classified as
new, and also for pairs that appeared in the associativeprefrontal activity (i.e., BA 9/46) in the episodic encoding
of both fusion and juxtaposition associations (though task and those that appeared in the nonassociative task.
The encoding effect (later-recognized minus later-not-right prefrontal activity was more extensive in the fusion
condition, including BA 10). Some previous studies have recognized) for pairs that appeared in the associative
encoding task had a scalp topography with a right pre-yielded evidence for right prefrontal activation during
memory encoding (e.g., Brewer et al., 1998; Klingberg frontal maximum, while pairs presented in the nonasso-
ciative task did not yield a significant encoding effect.and Roland, 1998; Wagner et al., 1998a), though these
studies attributed their findings to processes linked with Unfortunately, the interpretation of these results is com-
plicated by the fact that the encoding effect was com-material specificity (nonverbalizable-visual versus ver-
bal stimuli) rather than other factors, such as associative puted on the basis of item recognition rather than asso-
ciative recognition and may therefore be more reflectivemechanisms. However, results from other recent studies
of verbal associative memory suggest a role for right of aspects of item encoding than associative encoding
(which, if true, would still contradict the HERA model).prefrontal cortex in encoding, though these studies did
not distinguish between different types of associations. Furthermore, source localization was not performed on
these ERP data, rendering a conclusion about the neuro-For example, Weyerts et al. (1997) instructed subjects
to perform two different encoding operations (in sepa- anatomical substrate of the right prefrontal topographic
focus of the encoding effect problematic.rate experimental blocks) on word pairs, followed by a
recognition test in which subjects had to judge whether A recent fMRI study by Mottaghy et al. (1999) exam-
ined the encoding and retrieval of high-imageabilityeach presented pair was old or new. One encoding oper-
ation was associative in that it required subjects to press word pairs (see also Halsband et al., 1998). Encoding
showed right prefrontal activity compared with a pseu-a button to indicate whether or not each pair was seman-
tically related, while the other encoding operation was doword baseline and compared with retrieval. Unfortu-
nately, as their design did not examine encoding phasenonassociative and required subjects to press a button
to indicate whether white was the color of at least one mechanisms correlated with later test performance, it
is unclear whether this right prefrontal activity was spe-of the two objects described by the words in the pair.
The subsequent recognition test required subjects to cifically implicated in memory encoding. Furthermore,
the pseudoword and retrieval conditions may not havediscriminate between previously seen pairs and new
pairs constructed from words that had not been pre- provided the best baselines for isolating encoding pro-
cesses and excluding other correlated processes.sented previously. ERPs were measured during the en-
coding and retrieval phases. Encoding phase ERPs were A recent positron emission tomography (PET) study
by Lepage et al. (2000) also examined the functionalaveraged separately for pairs that were later recognized
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in the maintenance in working memory of “integrated”Table 1. Significant ERP Sources for Fused and Juxtaposed Pair
knowledge representations combining verbal and spa-Encoding Effects, by Epoch
tial information, while “unintegrated” knowledge is main-Encoding
tained in working memory by a variety of posterior corti-Epoch (ms) Condition Source
cal areas. Unfortunately, because this study used a
200–800 Juxtaposed R insula problematic baseline condition (viz., a zero-millisecond
Fused anterior cingulate
interstimulus interval condition followed by uncontrolledR medial superior frontal gyrus (BA 10)
passive viewing), this finding must be viewed with cau-R middle frontal gyrus (BA 9/46)
tion. Furthermore, it is not clear whether the integrated/R superior temporal gyrus (BA 22/42),
extending into supramarginal gyrus unintegrated distinction made in that working memory
(BA 40) study maps on to the present fusion/juxtaposition dis-
L inferior parietal lobule (BA 39/40, tinction as applied to memory encoding, though it is
including angular and supramar-
worth noting that Prabhakaran et al. (2000) and Mitchellginal gyri), extending into superior
et al. (2001) both obtained significant right BA 10 activa-parietal lobule (BA 7)
tions in conditions requiring the simultaneous or “inte-800–2100 Juxtaposed R inferior frontal gyrus (BA 44/45),
extending into middle frontal gyrus grated” processing of object and location information,
(BA 9/46) and that the present study also yielded a significant
Fused R superior temporal gyrus (BA 22/42), right BA 10 source during the encoding of fusion, but
extending into supramarginal gyru not juxtaposition, associations.
(BA 40)
In sum, though design and analysis issues of the stud-L medial superior frontal gyrus (BA 10)
ies described above limit their generalizability to theL posterior thalamus/posterior insula
present concerns, those studies are nevertheless con-L middle temporal gyrus (BA 21/22),
extending into angular gyrus sistent with the present findings in arguing for an impor-
(BA 39) tant role for right prefrontal cortex in the episodic encod-
posterior cingulate gyrus ing of associations (though these prior studies do not
precuneus (medial parietal, BA 7)
speak to the issue of different neural substrates for dif-2100–3000 Juxtaposed R posterior thalamus
ferent types of associations).L anterior insula
One potential counterargument to this view is that theL lingual gyrus (BA 18/19)
Fused L superior/medial temporal gyrus information encoded in the present study was perhaps
(BA 21/22/42) primarily visual rather than verbal. In other words, the
posterior cingulate gyrus (two sources) formation of an association between two words perhaps
involved forming one or more mental images that repre-
sent the association and that it is these visual images
that are encoded. According to this scenario, findings ofneuroanatomy of associative encoding. In their experi-
right prefrontal activation while encoding associationsmental design, word triplets were presented in which
may reflect the coding of these associations into visual
one word represented a category label and the other
form with the accompanying right prefrontal activation
two words represented exemplars of the presented cat-
resulting from material specific processing (Brewer et
egory or other categories. Subjects’ task was to judge
al., 1998; Klingberg and Roland, 1998; Wagner et al.,
whether none, one, or two of the exemplars were drawn 1998a).
from the displayed category. This was followed by a This counterargument is not, however, particularly
cued recall test in which the category words were pre- plausible as a sole explanation for right prefrontal activ-
sented and subjects were required to produce the exem- ity correlated with encoding. Even though there is rea-
plars that had been previously displayed with it. No son to believe that subjects may have encoded some
significant right prefrontal activations were revealed by visual information during this task (see below), much of
the encoding minus recall subtraction. The encoding the essential semantic content of the fusion associa-
phase did, however, show both positive and negative tions was undoubtedly functional or relational in nature
linear trends in different areas of right prefrontal cortex (Gagne and Shoben, 1997; Wiskniewski, 1997). Never-
as a function of whether zero, one, or two exemplars of theless, there were no discernable sources in the left
the category item were present, a factor hypothesized dorsolateral prefrontal region typically activated in stud-
to interact with associative encoding. Unfortunately, the ies of semantic memory retrieval and verbal episodic
generalizability of the Lepage et al. findings to the pres- memory encoding (Cabeza and Nyberg, 2000). This sug-
ent study is limited by the fact that their examination of gests that the information encoded in the present experi-
activations during associative encoding was not contin- ment is not of the same type as that encoded in the
gent on subsequent performance in the memory test typical verbal memory encoding study using single
(though behavioral performance in the recall task was words as stimuli. Furthermore, previous studies of verbal
correlated with the number of exemplars related to the (single-word) encoding have typically found left prefron-
category term). Hence, relevant encoding processes tal activity without significant right prefrontal activity,
may not have been isolated. even though most of these studies utilized stimulus
A recent fMRI study by Prabhakaran et al. (2000) ex- words that represented concrete, highly imageable ob-
amined brain areas correlated with the simultaneous jects (Cabeza and Nyberg, 2000). This suggests that
processing of separate pieces of information in working verbal encoding of imageable words does not necessar-
memory (see also Mitchell et al., 2001). Their results ily lead to material-specific right prefrontal encoding-
related processing. Therefore, the most likely explana-suggest that right prefrontal cortex (BA 10) is involved
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Figure 3. LORETA Source Imaging of ERP Encoding Effects for Juxtaposed and Fused Pairs for the 200–800 ms Epoch (See Table 1)
In all figures, activations (current densities) for juxtaposed and fused pairs are displayed as statistical parametric maps of t scores reflecting
voxel by voxel tests of the null hypothesis of zero current density. Positive t values exceeding the p 5 0.025 criterion (p 5 0.05, two-tailed)
are displayed. These t values are scaled separately for each time window and condition (fused/juxtaposed) using the criterion of t 5 2.306
as the minimum (green on the color scale) and the largest t value for that condition as the maximum (red on the color scale). Statistically
significant negative t values are not shown. For the 200–800 ms epoch, the maximum t score was 2.40 for the juxtaposition condition and
5.17 for the fusion condition.
tion for the present findings is that the right prefrontal this epoch contains most of the behavioral responses
indicating that a fusion association had been discov-activity was at least partly due to the associative nature
of the information encoded rather than being due to ered. In contrast, these processes should have persisted
longer into the middle epoch for the juxtaposition condi-material specificity.
Another interesting aspect of the present results con- tion, because a fusion association had not yet been
found. This interpretation is supported by the fact thatcerns the time course of the right prefrontal sources. In
the fusion condition, right prefrontal sources appear in encoding phase reaction times were z400 ms longer
for juxtaposed pairs than for fused ones. According tothe early epoch, but disappear in the middle epoch in
favor of a source in the left medial superior frontal gyrus this conjecture, the left anterior medial prefrontal source
obtained only in the middle epoch for the fused pairs(BA 10). In contrast, in the juxtaposition condition, a
right prefrontal source is evident in the middle epoch may involve the discovery or judgment of an acceptable
fusion association. However, it is unlikely that this leftand is not replaced by a left prefrontal source. This
pattern is consistent with the hypothesis that right pre- BA 10 source reflects the maintenance in working mem-
ory of fusion associations, as this source did not persistfrontal activation in the present task may reflect pro-
cesses necessary to the search for an acceptable fusion into the late epoch. Instead, this latter function may be
associated with the left temporal activation extendingassociation, such as the maintenance of the pairs in
working memory, the construction of candidate fusions, from the middle through the late epoch.
Interestingly, the present study did not yield evidenceand/or the evaluation of these fusions. In the fusion
condition, these processes would usually have been of the left dorsolateral prefrontal activation typically
found in neuroimaging studies of verbal memory encod-terminated by the middle epoch, since the early part of
Cognitive Association Formation
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Figure 4. LORETA Source Imaging of ERP Encoding Effect for Juxtaposed and Fused Pairs for the 800–2100 ms Epoch (See Table 1)
The maximum t score was 2.36 for the juxtaposition condition and 4.87 for the fusion condition.
ing (e.g., Tulving et al., 1994; Wagner et al., 1998b). the encoding of associations, closer consideration of
their experimental design suggests a related, thoughFor example, a PET study by Dolan and Fletcher (1997)
focused on brain regions involved in processing verbal somewhat different, role for this region. First, it is impor-
tant to note that their analyses were not contingent onassociations during encoding. They presented cate-
gory–exemplar pairs of words (e.g., DOG–BOXER) dur- subsequent recall performance, so these analyses did
not necessarily isolate only encoding-related processes.ing an initial block of trials. This was followed by blocks
in which either new category terms were paired with Second, as Dolan and Fletcher correctly point out, the
subtraction that isolates processes responding to pairthe same exemplars (e.g., SPORTSMAN–BOXER), new
exemplar terms were paired with the same categories novelty is likely primarily reflecting proactive interfer-
ence from previous presentations of the same old items(e.g., DOG–LABRADOR), both terms were presented
earlier (e.g., DOG–BOXER), or both terms were new (e.g., repaired with other old items. Similarly, other neuro-
imaging studies have also implicated left dorsolateralFOOD – BISCUIT). Subjects’ task was to memorize the
pairs in preparation for subsequent cued recall tests. prefrontal cortex in tasks involving selection of nonpre-
potent responses (e.g., Thompson-Schill et al., 1997).The independent manipulation of item and association
novelty allowed Dolan and Fletcher to detect brain areas In sum, the findings of Dolan and Fletcher apparently
reflect the influence of prior episodic associations onselectively responsive to these two factors. Item novelty
yielded left hippocampal, parahippocampal, and inferior processes operating in a task involving the encoding
of new associations, rather than isolating the criticaltemporal activations, while association novelty (i.e., re-
pairings of previously seen items) yielded activation in association-encoding processes.
The late time window offers a different perspective onleft dorsolateral prefrontal cortex, medial parietal region,
and middle frontal gyrus (with an activation in left inferior processes correlated with the encoding of associations.
Since this time window occurs after most of the buttonparietal cortex that did not survive correction for multiple
comparisons). press responses, subjects were unlikely to have been
continuing their attempts to fuse the concept pairs. In-While the study of Dolan and Fletcher (1997) would
seem to implicate left dorsolateral prefrontal cortex in stead, because they knew that there would be a memory
Neuron
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Figure 5. LORETA Source Imaging of ERP Encoding Effect for Juxtaposed and Fused Pairs for the 2100–3000 ms Epoch (See Table 1)
The maximum t score was 3.48 for the juxtaposition condition and 2.79 for the fusion condition.
test following the encoding phase, they were likely at- Interestingly, an activation in the “left thalamus” was
also detected during the middle time window for fusedtempting to memorize the pairs. Thus, neural activity
during this epoch might be hypothesized to represent pairs. The fact that deep “thalamic” activation occurred
in the middle epoch for the fused pairs and in the latemechanisms involved in the rehearsal of the pairs in
working memory and the encoding of the pairs into long- epoch for the juxtaposed pairs suggests that this activity
may represent some operation performed on the endterm memory, rather than processes involved in selec-
tion and association formation. The findings for the late product of the fusion attempt (whether successful or
unsuccessful), perhaps involving the encoding intotime window indicate activations in the thalamus, left
anterior insula, and left lingual gyrus for the juxtaposed memory of this end product. Since fusion button press
responses occurred earlier than juxtaposition buttonpairs, and activations in the posterior cingulate and left
temporal lobe for the fused pairs. press responses, a temporal offset between such sub-
cortical activity on fusion and juxtaposition trials wouldAs for the estimated thalamic source, though lesion
studies have implicated the thalamus in memory encod- not be unexpected. Speculatively, such “thalamic” acti-
vations may actually represent activity in other subcorti-ing (see review by McDonald et al., 1999), these particu-
lar activations must be interpreted with caution, because cal structures that are situated in close proximity to the
thalamus, such as the hippocampus, which has beenthe LORETA technique tends to lose accuracy and spa-
tial resolution when imaging very deep sources (Pas- implicated in the encoding of relations between items
(Dolan and Fletcher, 1997; Henke et al., 1999) and whichcual-Marqui, 1999). Moreover, localizing these deep
sources specifically in the thalamus may be open to has the requisite sheet-like structure. Further ERP stud-
ies with enhanced spatial resolution obtained by in-question because scalp-recorded potentials are be-
lieved to reflect the synchronous electrical activity of creasing the number of electrodes may clarify the exact
location of these deep sources.neurons lined up in a parallel, sheet-like formation (Kutas
and Dale, 1997). This geometrical pattern is not generally If the conjecture is correct that activity in the late time
window reflects long-term memory encoding of the endcharacteristic of the thalamus, though activation of sub-
sets of thalamic neurons approximating this structure product of the fusion attempts plus further rehearsal in
working memory, and if the deep sources are involved incould conceivably generate such fields.
Cognitive Association Formation
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words presented in sequence at the middle of a 21-inch monitor.memory encoding, then the other late sources (posterior
The duration of each word was 250 ms, with 800 ms between theircingulate and left temporal for fused and left lingual
onsets. The words were presented in white against a black back-and left anterior insula for juxtaposed) may be primarily
ground. 4000 ms after the onset of the first word, an OK to blink
responsible for the rehearsal of the associations in work- message appeared on the screen for 3000 ms indicating that eye
ing memory in preparation for the subsequent memory movements and blinks were allowed during this interval. This was
followed by a 50 ms tone (440 Hz) warning that another word pairtest. According to this scenario, rehearsal of the fused
would follow in 1000 ms. The test phase of each test session wasand juxtaposed pairs correlated with subsequent mem-
identical to the corresponding study phase, except that the orderory performance is accomplished by different brain
of half of the pairs was reversed and that subjects’ task was order
structures, presumably because the rehearsed informa- recognition rather than fusion.
tion is somehow different for the two types of associa-
tions. The lingual gyrus activation for juxtaposed pairs EEG Acquisition
EEG was measured using 64 tin electrodes (right mastoid reference)suggests that rehearsal of some kind of visual informa-
embedded in an elastic cap. One amplifier channel (correspondingtion (e.g., object imagery or word orthography) may con-
to the FC5 electrode) malfunctioned and was deleted from all analy-tribute to later order recognition, while the source in the
ses. The EEG signal was amplified 20,0003, analog filtered with
left anterior insula is compatible with the notion that lower and upper cutoffs of 0.02 and 50 Hz, digitized at 250 Hz, and
subjects are subvocally rehearsing juxtaposed word stored for offline analysis. Artifact rejection was by visual inspection
of trial data. ERP averaging was done with respect to the 200 mspairs (Price et al., 1999). The temporal activation for
baseline interval preceding the onset of the second word in eachfused pairs suggests the rehearsal of semantic, linguis-
pair.tic, or possibly phonological information (Cabeza and
Nyberg, 2000). (The possible role of the posterior cingu- Source Localization
late activation is less clear.) These results further sup- LORETA localizes the sources of scalp-recorded brain potentials
port the notion of a fundamental difference in the pro- by dividing the brain volume into a lattice of voxels, placing a dipolar
source in each voxel, and estimating current density across thecessing of fusion and juxtaposition associations.
brain volume by computing the set of voxel dipole strengths andIn conclusion, these findings constitute evidence of
orientations that account for the obtained scalp topography (fromdifferent neural substrates for the encoding into memory among the set of possible source solutions that predict any given
of different types of associations between words. Fur- scalp topography) while also maximizing “smoothness” (i.e., the
thermore, the present study also demonstrates how si- property that adjacent voxels have similar values). Local maxima of
current density are assumed to reflect active sources. Empirical andmultaneous consideration of the spatial and temporal
simulated experiments have shown that LORETA yields accurate,dimensions of brain activity can yield insights into the
though somewhat “blurry” (i.e., low-resolution) tomographic local-neural substrates of cognition.
ization that tends to lose some accuracy and spatial resolution for
very deep sources (Pascual-Marqui et al., 1994; Pascual-Marqui,
Experimental Procedures 1999). The success of such empirical and simulation studies notwith-
standing, it should be kept in mind that due to the well-known
Subjects impossibility of a perfectly accurate, precise, and certain solution
After providing informed written consent, eight right-handed young to the bioelectric “inverse problem,” it is not possible to exhaustively
adults (four male/female) participated in three study test sessions demonstrate that LORETA will accurately recover every possible
for pay. The study was approved by the University of Pennsylvania’s set of sources. All forms of ERP (and MEG) source localization
Institutional Review Board. should therefore be thought of as a form of modeling.
In order to enhance the accuracy of source imaging, LORETA
was implemented using a realistic head model derived from theStimuli
segmented structural magnetic resonance image of the head ofA random sample of high-frequency (20 or greater on the Kucera-
one of the subjects, coregistered to the digitized positions of theFrancis norm), high-concreteness nouns (rated 400 or greater) was
electrodes. Thus, current density estimates were obtained usingdrawn from the MRC Psycholinguistic Database (http://www.psy.
realistic head geometry and known average conductivities of theuwa.edu.au/MRCDataBase/uwa_mrc.htm). After removing proper
various tissue layers. These computations were performed withnames and words that serve primarily as verbs or adjectives, each
EMSE 4.2 (http://www.sourcesignal.com) using a 1 cm voxel sizenoun was randomly paired with another noun to create a list of word
after converting to average reference to minimize reference elec-pairs. Another list was created by reversing the order of these pairs.
trode effects. LORETA was separately applied to the data fromAfter removing pairs that were familiar or offensive, the remaining pairs
each subject and each experimental condition (using the same headwere divided into three study lists of 140 pairs each, resulting in six
model) to yield current density estimates for each subject by condi-“mirror image” study lists. Corresponding test phase lists were con-
tion by voxel combination. These voxel-wise current density valuesstructed by reversing the order of half of the pairs in each study list.
formed the basis for the computation of voxel-wise t scores resulting
from tests of the null hypothesis of zero current density. The two-
Procedure tailed criterion of p , 0.05 was applied without correction for multiple
For the study phase, subjects were instructed to try to combine comparison, because the t tests were nonindependent (due to com-
each word pair into a single coherent concept, as in a compound mon electrical reference, volume conduction, etc.). The encoding
noun, keeping the words in the order of presentation. They were effect was computed by subtracting (separately for each subject)
told to press one button if they were able to successfully combine LORETA current density estimates for the later-slow condition from
the concepts within the allotted 4000 ms starting with the onset of current density estimates for the later-fast condition. The only
the first word of the pair; if they were not able to combine the sources discussed here had positive current densities after this
concepts, then they were to press a different button. For the test subtraction (due to ambiguities inherent in the interpretation of neg-
phase, they were instructed to press one button if the order was ative value encoding effects). Hence, the statistical criterion
the same as during encoding, or to press a different button (within amounted to that of a one-tailed t test using a p , 0.025 criterion.
4000 ms) if the order was different. Response hand was counterbal-
anced across subjects. Subjects were informed at the beginning of Acknowledgments
the first session that there would be a memory test for the order of
the study pairs at the end of each session, but that they should not This research was supported by NIMH grant MH57501 to J. K.
do anything in particular to learn the order of the pairs other than
performing the fusion task. Each study phase trial consisted of two Received June 8, 2000; revised October 10, 2000.
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